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A  description  will  be  given,  largely  in  the  form  of  string  galva- 
nometer records,  of the  effects of the  flow of direct  current,  of con- 
trolled density  and direction,  upon  the potential difference exhibited 
across the  protoplasm of impaled  cells of Halicystis.  Some of these 
effects duplicate closely those of other treatments (ammonia,  1 vacuolar 
perfusion,  2 and unbalanced NaC13) and comparisons will be made with 
these as a basis for the explanation of the effects, not only in ttalicystis 
itself, but in Valonia  4 (already described) and in Nitella, which follows 
in this series. 
Method 
The measurements were made on  cells  impaled by  the  methods  previously 
employed.  1,2  Fine  glass  capillaries,  inserted  into  the  vacuoles,  served,  with 
proper external salt bridges and calomel electrodes,  to tap the potential difference 
across the protoplasm and to carry currents across it.  The characteristic positive 
I'.D. of the species  (about 68 inv. with It. Osterhoutii and 80 my. with tt. ovalis) 
was reached in a few minutes to half an hour after impalement; but the measure- 
ments were usually made after at least a day, to allow good healing of the wound 
around  the capillary.  Good results were obtained for a  week or  10 days after 
impalement.  The two species  were in  essential agreement,  as  regards  current 
flow, despite their difference of sap content.  5 
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The potential changes are presented in the form of string galvanometer records, 
taken by the methods described for Valonia.  4  These show the bioelectric potential 
in proper magnitude and sign at all times before, during, and after current flow. 
The advantages of such continuous recording outweigh the possible error intro- 
duced by the completed bridge circuit, necessary to balance out the ohmic resist- 
ance of  the capillary, etc.  Through this circuit, of course, the normal bioelectric 
potential can discharge, producing a  residual current outward across the proto- 
plasm at all times.  However,  owing to  the  high  resistance  employed  (twice 
that of the capillary), this current is so small as to be almost without effect,  as 
will be seen in the description of experiments below.  It can, if desired, be abol- 
ished by compensating the P.D. with an equal and opposite potential in the circuit: 
when this is done, the curves of potential change during current flow entirely re- 
semble, in time, shape, and magnitude, those taken uncompensated, showing the 
residual current drain to be of negligible  effect. 
The values given with each record are of current density (microamperes per 
square centimeter of  cell surface)  calculated from the current sent through the 
bridge, and the surface of the cell.  The latter is estimated from caliper measure- 
ments of the cell after impalement (it shrinks noticeably on impalement, by loss 
of sap into the capillary), and is subject to some error due to irregular cell shape. 
The order of magnitude is essentially correct, however.  Since the threshold for 
reversal and other effects differs somewhat from cell to cell, the absolute value is 
of less importance than the current increments for a given cell.  These are correct 
to  the  readings of  the  voltmeter connected across  the bridge; i.e.,  to  about 2 
per cent.  This meter checked  the equality of  the dry cell units comprising the 
input battery to the bridge, and dry cells were discarded when appreciably low in 
voltage. 
The  experimental current  densities are  to  be  regarded,  as  in  Valonia,  4  as 
changes superimposed upon the residual current, and furthermore, as the values 
at the beginning  of current flow, before a counter E.M.t". has developed, to decrease 
the current. 
FIG.  1.  Effect of direct current flow on the bioelectric potential of Halicystis 
Osterhoutii  (freshly impaled).  First inward currents (from sea water to sap) are 
passed, in increments of 5/za/cm. 2 up to 50/~a, then outward currents in the same 
progression.  Only  at  50#a  is  the  threshold  for reversal reached, reversal oc- 
curring in a  sigmoid curve.  Positivity is  regained on interruption of  outward 
current in a regular curve without inflection, from various points on the reversal 
process (Record d). 
Sensitivity about 7 my. per horizontal division; 100 inv. calibration on Record 
a, and 50 Inv. 4- and -  indicated on each record.  Time marks 1 second apart. 
When the current is shut off there is a  residual current (r)  produced by the cell 
which  in this  case  amounts to  about  0.33/~a/cm. 2  (outward).  "In"  indicates 
passage of positive current inward (from sea water to sap) ; "out" means outward 
current, with densities as indicated in #a per cm.  2 of cell surface. 870 L.  R.  BLINI~S  871 
Effects of Current Flow 
It would perhaps be more logical to begin with the effects of currents 
passed outward  across  the protoplasm,  since  this  is the  direction in 
which the normal bioelectric potential of Halicystis tends to discharge 
when  short-circuited.  But these become rather complicated  at  the 
higher  current  densities.  The  effects  of  currents  in  the  opposite 
direction will therefore be first considered, because they involve only 
the simpler phenomena which may be designated for convenience as 
"polarizability" (without immediate prejudice as to their real nature" 
i.e., whether a static or polarization capacity is displayed). 
Inward Currents.--When  potentials  opposite  to  and  greater  than 
the normal bioelectric potential are applied to the cell, positive cur- 
rents pass inward across the protoplasm from sea water to sap.  Over 
the  range  of current  density studied  (from  1  to  100  #a/cm. 2 of cell 
surface), the effects of such currents are comparatively simple.  They 
increase the positive potential to a small extent and almost in propor- 
tion to the current density up to a maximum increase of 20 to 30 my. 
This increase occurs in a  smooth, regular curve, often occupying well 
over a  second for approximate completion, and the positive potential 
remains augmented as long as the current continues to flow.  When 
it is stopped,  the original value is regained,  again in a  slow smooth 
curve.  Typical responses  are  shown  in  Fig.  1  for  a  characteristic 
range of current densities. 
There appears to be an upper level beyond which the positive poten- 
tial cannot be increased,  at  about  100 my. maximum P.D.  The sig- 
nificance of this is not fully clear, but it is remarkably similar (at least 
in H. Osterhoutii)  to an effect of more alkaline sea water, which will be 
FIG. 2.  Effect of acidified sea water (pH 5.0) in increasing the effects of current 
flow in HaIicystis Osterhoutii.  The bioelectric potential is decreased (temporarily) 
to about 30 mv. positive; upon  this  as a base the polarizations are now much 
increased  in magnitude, the P.D. being  increased  to 70 inv. or more by inward 
currents.  On the other hand, outward current now produces reversed potential, 
but without a marked threshold,  the curves being regular and without inflection, 
until the  "cusp" begins  to appear,  at about 40~a.  Irregularities  also appear 
with inward currents above 30~a/cm.  2 
Sensitivity about 7.5 inv. per horizontal division; calibration on Record a, and 
50 my. +  and -  shown on each record.  Time marks 1 second apart.  Residual 
current (r) about 0.2/za/cm. ~-  Designations  as in Fig. 1. 872 L.  R.  BLINKS  873 
mentioned later in the Discussion.  Possibly connected with this pH 
effect is also the much greater response to inward current which occurs 
when  this  species is exposed to sea water  acidified to pH  5.0.  The 
P.D. is decreased to some 30 or 40 my. by this treatment3  The polar- 
izability is also greatly increased to inward currents, as shown in Fig. 
2.  It appears that the P.D., starting at a lower level, is now more read- 
ily increased,  and  the polarization  curves are  of greater magnitude. 
In other words,  the effective resistance  (which is determined by the 
amount of back E.•.F.)  is greater.  A similar increase of polarizability 
by lowered pH has been found in Valonia. 4  The P.D. of H. ovalis, on 
the  other hand,  is  not  appreciably reduced, nor is its  polarizability 
greatly affected, by the pH of the sea water.  (See note, p.  896.) 
While  it  is  not  the  purpose  of this  paper  to  discuss  the  effective 
capacity of the protoplasm, it is obvious from the extended times of 
charge and  discharge that it is very large. 
Aside from these regular "polarizations," which are the chief effect 
of inward  currents,  there are two other  phenomena produced by in- 
ward currents.  One, the recovery of positivity after reversal of P.D., 
will be discussed after the effects of outward currents and of ammonia, 
described below.  The other, an occasional production of rhythmically 
recurring potential changes, is reserved for a later paper. 
Outward  Currents.--As  pointed  out  above,  the  normal  bioelectric 
potential tends to discharge in a  positive current outward across the 
protoplasm, from sap to sea water, when connected into a  completed 
circuit.  The resistance in series with the cell in the bridge was usually 
quite large, generally over 100,000 ohms, so that this "residual current" 
was  not  over 0.7  to  0.8  #a,  giving  a  density of  about  0.4  #a/cm. 2 
FIG. 3.  The effect of increasing  outward current density upon the speed  of 
reversal of I'.D. in Halicystis Osterhoutii.  This is the same cell as used in Fig.  1, 
but after recovery from impalement so that the threshold for reversal is lowered to 
20/~a/cm.  2  (15t~a  was sufficient to reverse with very long flow.)  As the current 
is increased by 5tta increments,  the speed increases  (although the total negative 
I'.D. is not increased;  indeed is somewhat  lower at high densities).  The sigmoid 
character is less and less pronounced and is almost lost at 50#a.  The recovery 
curve in every case is regular and without inflection. 
Sensitivity 6.6 my. per horizontal division, 50 mv. +  and -  being indicated on 
each  record.  Time  marks  1  second  apart.  Residual  current  (r)  about  0.33 
/~a/cm}  Designations  as in Fig. 1. 874 L.  R.  BLINKS  875 
through the average cell  (diameter 0.8 cm., surface about 2 cmT)  It 
was  repeatedly found that  the  cell may  be  left connected into  the 
bridge for several days with this current flowing, without appreciably 
altering the I'.D.  Indeed, much larger currents  (up to ten times this 
value)  may be  drawn  in  this  manner,  through  capillaries  of  lower 
resistance  (10,000  ohms)  and  negligible  external  resistances  (galva- 
nometer), with only a slight effect on P.D. (1 or 2 mv. reduction). 
This may best be seen  under controlled conditions in Fig.  1 which 
shows the effects of increased outward current in the bridge, beginning 
with the residual current and increasing by 5 #a steps up to 50 #a/cm. 2 
The response at low current densities greatly resembles that produced 
by inward currents,  except that the normal I'.D.  is now slightly  de- 
creased,  instead of increased.  The  decrease  again  takes  place  in  a 
regular curve,  which reaches a  steady value, the latter roughly pro- 
portional to the current density.  This may be called normal polariza- 
tion; the total change of potential is again about 10 to 20 inv., reducing 
the P.D. to some 50 or 60 mv. positive.  The latter value, however, is 
no longer a limiting potential beyond which no further change occurs; 
it is rather a threshold for much larger effects, of a quite different sort 
from normal polarization. 
The new type of response is shown in Fig. 1 d (continuing from Fig. 
1 c).  This increment of current begins much as the previous one, but 
instead of flattening out at a  steady value,  the I'.D.  curve begins to 
inflect upward,  approaches zero more and more rapidly, and finally 
passes it so as to reverse the sign and become 40 or 50 my. negative. 
It is obvious that this particular increment of current, although of the 
same size as previous ones, produces an effect (100  my. change)  out 
FIG. 4.  Records showing the characteristic  form of the reversal curve in Itali- 
cystis  Osterhoutii,  on  succeeding  current  flows of  threshold  density  (outward 
current).  From a through d the same density (25/za/cm.  2) was passed, reversal 
becoming more rapid on successive flows.  In e this density was doubled to 50~a, 
greatly increasing the speed of rise, and the sharpness of the cusp, but not greatly 
increasing the negative y.n. attained.  An inflection in the recovery curve charac- 
terizes all these records, with an incomplete recovery after the highest current (in 
e) probably due to injury.  Sensitivities as shown, with calibration  on d.  Time 
marks 1 second apart.  Residual current (r) about 0.5/~a/cm3 (outward).  Desig- 
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of all proportion  to  its  size,  and  greater  than  all the  previous  total 
current flow. 
If the current is now stopped, recovery of positive 1,.D. occurs, in a 
regular curve, often without an inflection  (Fig.  1) although this some- 
times occurs  (Fig. 4). 
Fig.  3  shows other  reversals at increasing  current  densities.  It is 
seen, as would be expected, that reversal is more rapid the higher the 
current density, eventually becoming fast enough to smooth out most 
of the inflection and to destroy the typical S-shape of the reversal at 
threshold densities.  It should also be noted that only slight increases 
of negativity are produced by further increases of current  above this 
threshold;  once reversal has occurred,  equal increments produce only 
relatively  small  changes  of  P.o.  One  feature,  moreover,  is  almost 
invariably  found:  the  cusp  occurring  just  after  reversal,  due  to  a 
temporary  recession  of  negativity,  followed  by  an  increase  again. 
The irregularly wavering negative value that follows is also character- 
istic.  Examples are shown in Fig. 4. 
Fig. 5 shows the effects of interrupting the flow of current at densities 
well  above  the  reversal  threshold.  The  P.I).  immediately  starts  to 
recover as soon as the current stops, no matter where along the reversal 
curve this occurs.  It is evident therefore that  the  current  flow does 
not  here  initiate  a  process,  which  at  some  critical  point  goes on  to 
completion  independently,  but  its  flow is necessary  to  maintain  the 
altered P.o. at all times.  In this it differs strikingly from the situation 
FIG. 5.  The effects  of current flow on the bioelectric potential  of Halicystis 
Osterhoutii, showing time relations by interrupting the flow of outward current at 
various points  during  its course,  before and  after reversal has been produced. 
Records a and b employed a current density of 25#a/cm.  2 passing outward across 
the protoplasm.  The residual  (outward)  current was about 0.17~a/cm3 of cell 
surface, or less than 1 per cent of this experimental density.  The sensitivity in 
a and b is about 8.5 mv. per horizontal division; 50 mv. marks and 100 inv. calibra- 
tion are shown.  Records c, d, and e were taken with another cell, and show the 
same effects with interruptions continued still longer after reversal.  The outward 
current density here is 25/za/cm. 2 of cell surface throughout; the residual (outward) 
current (r) is 0.25~a/cm. 2 (or 1 per cent of the experimental current).  Sensitivity 
on c, d, and e about 10 my. per division, as shown by calibration and 50 my. marks, 
Time marks 1 second apart.  Designations as in Fig.  1.  An automatic zero de- 
vice interrupts  the curves on Records c, d,  e, every 9 seconds. 878 L.  ~.  BLmXS  879 
in Nitella,  where the change in P.D.  (action current) goes on through 
its complete cycle, if carried to a  certain point; but it will be shown 
below that conditions in ttalicystis  itself may likewise be so changed 
that the latter type of response may occur.  Indeed, even under nor- 
mal conditions, although current flow is necessary to maintain as well 
as produce the reversed P.D., it is found that the same current density 
is  not  necessary to  maintain  it  at  all  stages  of the  curve.  This  is 
shown  by  a  different  type  of  experiment,  in  which  the  current  is 
decreased in equal steps without interrupting it to allow depolarization 
or recovery to occur between each density value. 
Fig. 6, dealing with such an experiment, shows first of all the effect 
of increasing the current.  The small effects of the first increments, the 
large change at the threshold value, and the relatively small changes 
again thereafter (but with cusps) are to be clearly seen. 
The current is now decreased in equal decrements.  The negativity 
decreases for each decrement, but the P.D. still remains negative at a 
considerably lower  current density than  was  originally necessary to 
produce reversal.  This is a definite hysteresis since only at below half 
the original threshold density does recovery occur, and here at a much 
slower rate than in the absence of current flow.  That the P.D. actually 
recovers during continued current flow is the best  argument  for the 
reality of the hysteretic effect, since it disposes of the possibility that 
small currents, if allowed to flow long enough, would produce reversal. 
For even after reversal has been produced by a larger current, recov- 
ery occurs while a small  current flows outward. 
FIG. 6.  The effect of decreasing  the current density during continued flow of 
outward  current  which  has  reversed  the  P.D. of  Halicystis  Osterhoutii.  The 
threshold is first at  25/za/cm3,  later  at  20/~a (long flows of  15/~a produced no 
reversal).  15 and even 10~a were, however,  quite sufficient  to maintain  nega- 
tivity, once this had been produced by larger currents; only on a decrease of density 
to 5/za did the I,.9. become again positive, here with a pronounced lag and inflec- 
tion.  In d the current was increased from the threshold density of 20#a to 25 and 
30; initial cusps were the only effect, the P.D. being scarcely altered permanently. 
Successive decreases  again maintained negativity down  to  10#a,  with slow re- 
covery of positivity during the flow of 5~ua (a break of 6 seconds appears in Re- 
cord d, as indicated). 
Sensitivity about 10 mv. per horizontal division; calibration on a, 50 my. +  and 
-- marks on each record.  Time marks 1 second apart; residual current (r) about 
0.4#a/cm3  Designations  as in Fig. 1. 880 L.  R.  BLINKS  881 
Fig.  7  shows another  aspect  of this  hysteresis.  Here  the  outward 
current is interrupted  after reversal has been produced.  At densities 
above threshold  value reversal  again takes place when  the  current  is 
passed,  after each interruption,  no matter how long.  At lower densi- 
ties,  below  the  original  threshold,  but  still  sufficient  to  maintain  a 
reversed  potential,  a  different  effect  appears.  After  short  interrup- 
tions,  during  which  recovery starts,  reversal  again  occurs  when  the 
current  flows; while  if the interruptions  become too long, no reversal 
occurs on starting the outward current,  but recovery goes on to com- 
pletion,  even though the  current  flows.  The exact value of outward 
current which will produce this effect varies from cell to cell, but it is 
easier  to  determine  with  current  flow,  susceptible  of  very  delicate 
gradations,  than  with other treatments,  such  as ammonia  (the  effect 
of which is here first combined with current flow). 
Comparison  with Ammonia  Effects 
Most  of the  effects  of outward  current  flow alone  have  now been 
described.  It has been earlier noted that these resemble in many ways 
FIG.  7.  The effects of  interrupting  outward  current  flow  in Halicystis  Oster- 
houtii later  in  the  time  course than  in Fig.  5.  Reversal was first produced by 
20~a/cm3  in  Record  a,  with  the  characteristic  sigmoid curve  and  cusp.  The 
current  was  then  reduced  to  15/~a/cm. 2 which  maintains  the  negative  P.D. as 
long  as  it  flows,  and  restores  it  after  brief  interruptions  during  which partial 
recovery occurs  -1.3 and 2.2 seconds, but not after longer interruptions,  e.g. 4 
seconds (not shown).  In Record b reversal is again produced by 20~a, which is 
then reduced to 15 and  10~a.  The latter also maintains negativity indefinitely, 
and also when interrupted for brief periods, e.g. 1 second, while after 1.7 seconds it 
is no longer able  to reverse  the P.D. which has become 25 my. positive.  After 
another  1.5 seconds interruption  it  is still less effective.  Record c shows much 
the  same effect.  Addition of a  small amount  of ammonia however  (0.0005 
NH4C1 in sea water of pH 8.0) causes the same current density to have much more 
effect, causing renewed reversal after nearly 3 seconds interruption, although not 
after 4.5 seconds.  Finally 5/~a was passed in the presence of this ammonia, and 
was found sufficient to maintain  reversed P.D., although after each interruption 
recovery proceeded farther.  Sensitivity about 8 my. per horizontal division, zero 
and 50 my. marks being shown on each record, with a calibration on c.  (Normal 
reversal curves like those of a  and  b had preceded Records c, d, and e, but are 
omitted to save space.)  Residual current (r), inward or outward according to the 
sign of the P.D., did  not exceed  0.25~a/cm. 2  Designations as in Fig. 1.  Auto- 
matic zero every 6 seconds. O0 
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the  effects of ammonia. 1  The  common  characteristics  may now be 
indicated.  Theseare: 
1.  Small  effect of sub-threshold  treatments  (small  current  density 
or low ammonia concentration). 
2.  A  threshold  at which  a  very large  change occurs,  and  the  •.D. 
reverses in sign.  The S-shaped curve is found in both treatments. 
3.  A  pronounced  cusp  following  closely  after  reversal,  and  an 
irregularly wavering negative value thereafter. 
4.  Smaller cusps, and relatively small changes of negative P.D. with 
current  densities  or  ammonia  concentrations  above  the  threshold 
value. 
5.  Maintenance  of the negative P.9.  by currents or ammonia  con- 
centrations smaller than  the original threshold values. 
6.  Recovery of positivity  with still lower ammonia  concentrations 
or current  density. 
7.  General similarity of the absolute P.D. values, both positive and 
negative,  produced  by  the  two  treatments  and  characterizing  the 
threshold. 
Typical ammonia curves, as previously published# closely resemble 
the galvanometer records of outward current flow effects (e.g.  Fig. 4). 
The chief differences lie in the greater speed of the current flow phe- 
nomena,  which  are  finished  in  seconds,  instead  of minutes  as  with 
ammonia, and the cusps, present with sub-threshold ammonia concen- 
trations but absent with sub-threshold currents. 
FI6. 8.  The effect of very low ammonia concentrations in lowering the threshold 
of current density necessary to reverse the P.D. of//. Osterhoutii, and to maintain 
its  negativity.  Record  a  shows  a  typical  reversal  of  P.D.  without  ammonia, 
negative ~.D.  being produced  first  at  17.5/za  outward  current  per  square  centi- 
meter of cell surface, and being maintained by outward currents down to 7.5/za/cm. 2 
at which density the P.D. becomes again positive even though the outward current 
continues to flow.  The cell is then exposed to 0.0001 M NH4C1 in sea water at pH 
8.0  (Record  b).  This alone scarcely affects  the P.I).  but  the latter is caused  to 
reverse  with  the  passage  of  considerably  lower outward  currents,  i.e.  12.5  and 
eventually  10#a/cm. 2  Furthermore,  as  the  currents  are  decreased,  the  P.D. 
remains  negative down to lower densities, becoming positive only at  2.5/za/cm. ~ 
outward  current  (here with a  long delay). 
Sensitivity  10  Inv.  per horizontal division, zero and  50  my.  +  and  -  being 
shown  on each  record.  Time marks  1 second  apart.  Residual  current  (r)  not 
over 0.17~a/cm. 2  Designations as in Fig.  1. FIG.  9.  Effect  of  a  somewhat  higher  ammonia concentration  (40  minutes exposure  to 
0.0005 •  NHaC1 in sea water at pH 8.0) on the same cell as shown in Fig. 8.  The 1,.D., although 
still scarcely influenced by this concentration of  ammonia alone, reverses at a  lower outward 
current density (7.5#a/cm.  2) and remains reversed during the flow of 2.5/za/cm. ~  Indeed, the 
latter density restores negativity after nearly 3 seconds interruption (Record f), although after 
4 seconds it is ineffective (Record g). 
Downward arrows, signifying outward currents, are placed at each make, break, or change 
of current.  Residual current (r) not over 0.17#a/cm.  ~  Sensitivity 10 mv. per horizontal divi- 
sion, zero and 100  my.  +  and  -  indicated on  each  record, with  calibration on  Record  a. 
Time marks 1 second apart. 
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The  formal  resemblances  are  so  striking  as  to  suggest  that  the 
effects of outward current flow may be the same as those of ammonia, 
and may operate either in the  same way, or at least upon the same 
structures and mechanisms of the protoplasm.  The  two treatments 
were therefore  combined,  to  see if  they  were  additive  or  mutually 
helpful in producing similar effects. 
Combined Treatment with Ammonia and Current Flow 
(A)  Ammonia  and  Outward  Current.--The  cells  were  first  tested 
with current flow to determine the threshold for reversal of P.D.  They 
were  then  exposed  to  sea  water  containing  low  concentrations  of 
ammonia (0.0001 ~r to 0.0005 M NH4C1 in sea water at pH 8.1), insuffi- 
cient alone to produce reversal or, indeed, any great lowering of posi- 
tive  P.D.  Current  was then  again  passed  during  this  ammonia 
exposure,  and  it  was found  that  inward  currents  still  produced  an 
increase of I~.D., and outward a decrease, with eventual reversal.  But 
the threshold of current density for reversal was now reduced to almost 
half  the  previous  value  found  in  normal  sea  water  (Fig.  8).  The 
greater the ammonia concentration  the smaller the threshold current 
(Figs. 9 and  10).  Finally,  at a  point somewhat below the threshold 
for ammonia alone (0.001 to 0.003 M NH,C1) it was found that a very 
small outward current  (e.g. 5 #a/cm3)  was now sufficient to produce 
reversal,  which furthermore  persisted when the current  was stopped 
(Fig.  11). 
Either  at  this  point or when  reversal  had  been produced by am- 
monia alone, further passage of outward current produced very little 
further  effect, giving only small cusps and wavering negative values 
with each increment  (Fig.  10). 
All these curves resemble those without ammonia  except that  the 
threshold for reversal is greatly lowered, and the P,.a). remains reversed 
without continued flow of current.  Thus it appears that not only do 
the effects of ammonia and current flow show a formal resemblance in 
most characters, but the two treatments assist each other in producing 
the same effects.  They  are  not, however, additive in the sense that 
the  full  effects of  one  can  be  superimposed  upon  the  other,  i.e.  if 
reversal has already been produced by ammonia, the usual large effects 
of outward current are absent, and are only such as would follow from ,,...a 
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current increments above the  threshold  for reversal by current  itself 
(cf.  Fig.  6).  They thus  appear to have the same limits, and may be 
operating upon  the  same mechanism.  Whether  they operate in  the 
same manner will be considered in the Discussion. 
(B)  Ammonia  and Inward Current.--It  remains to inquire whether 
inward  currents,  which  have  an  effect  opposite  to  those  outwardly 
directed,  within  the  narrow  limits  of  simple  polarization,  may  also 
counteract  the  large  effects of ammonia.  This was found  to be the 
case. 
The first experiment consisted in adding ammonia to the sea water 
while a large current  (25 to 50 #a/cm3) was passing inward across the 
protoplasm.  It was found  that  considerable  quantities  of ammonia 
(up to 0.005  or 0.01  N  NH4C1)  could be so  added  to  the  sea  water, 
without causing reversal, although this concentration is well above the 
usual threshold.  This was shown by the fact that when the  current 
was  stopped,  reversal  promptly  occurred.  Thus  inward  currents 
inhibit the production of ammonia effects. 
They also counteract  them when produced,  causing recovery from 
negativity.  This is shown in Fig. 13, in which a cell, with ~.D. already 
reversed by NH4C1, is exposed to increasing inward currents.  Small 
densities have little  effect, moderate ones decrease the  negative P.n., 
Fro.  10.  The effect  of current flow on the potential of Halicystis Osterhoutii 
in the presence of ammonia (0.0015 ~  NHaC1 in sea water at pH 8.0) just below 
the  threshold  for maintenance  of negative l'.D.  Reversal occurs first  at  16~a 
outward flow, and eventually at  10~a;  it is maintained down to 2/~a, recovery 
occurring  extremely slowly  with  only  the  residual  current  (r)  flowing.  If re- 
covery has not proceeded too far, 2~a outward flow tends to restore negativity, but 
the more positive the P.D. the less  effective  it is,  recovery eventually occurring 
(Record e) while this small current flows.  In b the current is decreased from 16 to 
6/~a/cm. 2 in equal decrements of 2/za, indicated by arrows.  Record d shows  the 
very slight effect of increments or decrements upon the negative 1,.D., when the 
current is above a certain value (e.g. above 12 or 14/za/cm. ~) as compared with the 
larger effects somewhat below this, and the very large effect at the threshold for 
recovery.  A break of 5 seconds  occurs in Record e. 
Sensitivity about 8 inv. per horizontal division, zero and 50 mv. -}- and -being 
indicated  on  each  record,  with  frequent  insertions  of  zero  throughout.  Time 
marks 1 second apart.  Residual current (r) about 0.25 ~za/cm.  2 (outward) when 
the P.D. is fully positive, correspondingly less or inward when P.D. is lower or 
negative.  Designations as in Fig.  1. FIG.  11 
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and large ones cause recovery of positive ~.D.  for as long as they flow; 
when they are stopped, reversal again occurs, except at the very highest 
densities  which  finally  produce  positive  P.D.  in  Fig.  13,  but  not  in 
Fig.  14,  where  a  higher  concentration  of NH4C1 was used.  But  at 
slightly sub-threshold  ammonia concentrations,  hysteretic  effects are 
again found.  Fig.  11  shows the complete picture,  with a  very small 
outward  current  causing reversal,  which  continues  when  the  current 
is stopped;  then  an inward  current  is passed.  The I'.D. is decreased 
by small currents and caused to recover to positive values by slightly 
larger  ones.  It  then  remains  positive  when  the  inward  current  is 
stopped.  A  very  small  current  in  either  direction  thus  suffices  to 
push the I,.D. to one side or the other of zero; in both cases the reaction 
goes on to completion and does not stay at intermediate values.  This 
is best shown in Fig. 13, where an inward current is passed for a vary- 
ing period in a  cell already reversed.  If the  current is passed only a 
short time, and recovery is not carried far, the P.O. returns to negative 
values when  the  current  is stopped;  but  if it  is passed for a  slightly 
longer time and recovery goes a  little farther (e.g.  about to zero P.D.), 
it is then completed, whether the current flows or not.  The ammonia 
concentration  has  to  be  rather  carefully  adjusted  to  give  such  a 
FIG. 11.  Effect of a critical ammonia concentration on the same cell used in 
Figs. 8 and 9.  It is now exposed to 0.001 M  NH~C1 in sea water at pH 8.0.  While 
this is not quite sufficient to produce reversal of P.D.  alone, it maintains negativity 
after a  small  current  flow has passed outward:  2.5~a  is insufficient  (Record a) 
but 5~a is adequate to do this, the I'.D. remaining reversed when the current is 
stopped  (Records  b,  c).  Second  passages of  these  currents  produce  only  the 
smaller polarizations of  Record c.  2.5#a passed inward, however,  produces res- 
toration of positive P.O. which  persists on cessation of current, and also during 
2.5#a outward current (Record e).  It is again reversed by 5~a outward current 
~), while 5~a inward causes recovery of positivity (Record g) more rapidly than 
with 2.5~a inward.  A second passage produces only slight polarization. 
The I'.D. is now evidently metastable and can be maintained in either positive 
or negative values, a small current flow sufficing to drive it to either side of zero. 
Sensitivity about 11 my. per horizontal division; zero and 100 my.  +  and  - 
indicated on each record, with 100 my. calibrations on a and d.  Residual current 
(r)  not  over 0.17#a/cm. 2 outward  when  1,.D. is  positive, or about 0.05~a/cm.  2 
inward when P.D. is negative.  Time marks 1 second apart.  Designations as in 
Fig.  1.  In some cases outward current designated by a  downward arrow, inward 
current by an upward arrow. FIG.  12.  The  effect  of  interrupted outward  current flow  on  the  bioelectric potential of 
HalicystisOsterhoutii  in the presence of a nearly borderline ammonia concentration (0.0015 ~J 
NH4C1 in sea water pH 8.0).  This concentration, of itself not quite sufficient to reverse the 
P.D. of this cell,  maintains a  permanent negative P.D. when aided  by  sufficiently long  flow 
of outward current having a  critical density here of  7.5~a/cm3 of cell surface.  (In Record 
al,  5~a/cm.  2 is  temporarily passed; this is insufficient, even  with  long flow, to  reverse  the 
P.D.) Records a, b, and c show recovery of positive P.D. on cessation of current flow, the more 
slowly the lower the P.D. has been carried.  Only when it is reduced to about zero,  however, as 
in Record d, does reversal occur, and here it goes on to completion, after a  temporary recovery 
(depolarization), even after the current ceases to  flow.  Similar depolarizations occur in Rec- 
ords  e,f, and g, when the current is interrupted after producing negativity (in Record e, the 
current is again passed briefly a  second time, producing the cusp characteristic of reversal). 
In Record g the current density is increased to 12.5#a/cm3, producing a more rapid reversal. 
Mter Records d,  e, f,  an inward current of sufficient density was passed (as in Record g2) to 
restore positivity before the next outward flow. 
Zero is shown by the longer mark at the beginning of each record and from time to time 
during the record.  Sensitivity about 10 mv. per horizontal division, indicated by a calibration 
of 100 inv. on Record a, and by 50 mv. +  and -  marks inserted at the beginning  of each record. 
Time marks 1 second apart.  Residual current (r) outward 0.35#a or less when P.D. is positive, 
about 0.1#a/cm3 inward when P.D. is negative.  Designations as in Fig. 1. 
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delicately metastable  system; but it  gives beautiful  confirmation  of 
the all-or-none nature of the reversal and recovery process in this case. 
Finally,  at sufficiently  high  ammonia  concentrations  (e.g.,  0.003 
to 0.005  M NI-LC1  in  sea  water  at  pH 8.0),  a  threshold  is reached 
at which  ammonia  alone  is able  to  initiate  the  reversed  potential 
and  maintain  it,  even  after long inward  current  flows.  An  exam- 
ple is shown in  Fig.  14. 
DISCUSSION 
The effects of current flow on the P.D. of Halicystis,  while somewhat 
complex, may apparently be divided into two types of response, much 
as in Valonia. 4  These are: (1) regular polarization produced by small 
currents in either direction while the P.D. is still positive (and to some 
extent when it has become negative);  (2)  the reversal of t'.D.  or re- 
covery therefrom  which  is  abrupt  and  characterized  by  a  definite 
threshold. 
While it is, of course, possible that different mechanisms are involved 
in the two responses, it is helpful to proceed on the assumption that the 
same  changes,  produced  by current  flow, underlie  both,  the  abrupt 
reversal occurring when the "regular"  effect has proceeded beyond a 
certain  point. 
One of the  effects which  might  result  from  current  flow across  a 
phase boundary, such as the surface of protoplasm probably presents, 
is to set up a  new concentration  gradient  of ions due to the greater 
mobility of ions of one charge  than  of another  through  the  surface. 
Models for such polarizations are not numerous, but the effects have 
been demonstrated in several cases.  This new gradient would persist 
as long as the current flow continued, reaching a steady state in which 
the  backward  motion  of  the  ions  just  balanced  their  tendency  to 
separate  under  the  potential  drop  across  the  surface.  Any pair  of 
ions, oppositely charged, could be assumed so to separate.  The length 
of time required for them to migrate to their new positions (or to come 
back  to  their  original  distribution)  would  represent  the  time  for 
polarization or depolarization to be completed; the charge tending to 
pull  them  back would be the  degree of polarization  or polarization 
potential.  When the ionic concentration on one side or the other of 
the membrane or surface reached a critical value, special effects might e~ 
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then  be  produced  (the  reversal  of  P.D.).  What  evidence  have  we 
regarding the kinds of ions which could do this in Halicystis? 
Previous studies  2, s have shown that both K + and H + have a  pro- 
nounced effect on the P.D. in Halicystis Oslerhoutii, interpretable on the 
basis of greater mobility for the positive ions than for C1-.  On the 
other hand,  dilution of sea water  (unpublished  results)  has an effect 
which can be interpreted as a  greater mobility for C1- than for Na + 
much as in  Valonia. 6  Several  possibilities  for  differential  mobility 
thus exist. 
Hydrogen Ion.--Since we have the most evidence concerning hydro- 
gen ion, this will be taken up first.  On the basis of the experiments 
just  mentioned  it  has  a  relatively high  mobility  through  the  outer 
surface,  hence  would  presumably  become  concentrated  at  the  side 
where the positive current was leaving.  With inward currents, then, 
the inside of the protoplasmic surface would become more acid,  the 
outside more alkaline; and the effects of inward current flow do indeed 
resemble  those  of  increased  alkalinity  on  the  outer  surface  (of  H. 
Osterhoutii),  giving a  somewhat  increased positive p.I).  Conversely, 
with outward current, the outside would become more acid, and here 
again the effects are the same as with acidified sea water--a decrease 
of positive P.B.  Of even more importance,  however,  the inner  side 
would  become  more  alkaline  during  outward  flow  of  current;  the 
experiments with ammonia penetration, ~ and with vacuolar perfusion,  * 
both indicate that when the sap (and presumably the protoplasm also) 
reached a  critical degree of alkalinity,  the P.D.  abruptly reversed in 
sign.  This  may  also  be  what  happens  at  critical  outward  current 
densities.  Finally,  if  the  internal  reaction  of  the  protoplasm  has 
FIG. 13.  Effects of inward current flow on P.D. of H. Osterhoutii already made 
negative (by current flow) in the presence of higher ammonia concentration (0.002 
M NH4C1 in sea water of pH 8.0).  Inward currents of increasing density restore 
positive I'.D. which, however, becomes negative again on cessation of current.  The 
reversal is slower and slower after increasing inward currents until finally a density 
is reached (15 to 17.5/za/cm.  2) which permanently restores positivity.  Sensitivity 
10 inv. per horizontal division, zero and 50 inv. +  and -  being indicated on each 
record.  Time marks 1 second apart.  Residual current (r) less than 0.35/~a/cm.  ~ 
outward or 0.1#a  inward,  depending  on sign of 1,.I).  Designations as in Fig.  1. 
6 Damon, E. B., J. Gen. Physiol.,  1932-33, 16~ 375. 894 
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already been rendered  alkaline by ammonia,  an inward current  may 
cause recovery of positive P.D. by increasing  the  acidity beyond the 
critical  point. 
Leaving entirely out of account the manner in which such change of 
pH affects the potential  (a problem involving the origin of the proto- 
plasmic potential itself) this explanation is reasonably consistent and in 
harmony  with  the  known  facts,  at least  as regards  one  species  (/t. 
Osterhoutii).  There are, however, several objections to it, which have 
been considered in connection with Valonia. 4 
An objection to the explanation  of current flow by pH effects was 
found when the California species of Halicyslis, H. ovalis,  was studied 
from this point of view.  2  Not only were increases of pH in the vacuole, 
produced by perfusion,  incapable of producing  reversal of P.D. as in 
H. Osterhoutii,  but there were no transient effects of acid and alkaline 
sea water applied externally, which could be interpreted as due to the 
• higher  mobility of H  ion.  Therefore  both the  theoretical  basis for 
expecting  alkalinity  by  current  flow  and  the  actual  production  of 
reversed  P.D. by  alkalinity  in  the  vacuole,  were  absent.  Yet  P.D. 
reversal is produced in this species by outward current flow just as in 
H. Osterhoutii, and ammonia is likewise effective, although at an appre- 
ciably higher threshold for both treatments. 
It may be that the locus of the effects lies too deep within the proto- 
plasm,  and  the two surfaces of the protoplasm are too impermeable 
to hydrogen ion in this species to be affected by changes of pH in either 
sea  water  or  vacuole.  Yet  this  very  impermeability  removes  the 
theoretical basis for a  change of pH due to current flow.  It is there- 
fore necessary to conclude that although the effects produced by cur- 
rent flow are very similar indeed to those produced by ammonia,  and 
that the latter may in turn be explained, at least in one species by an 
increased  alkalinity  somewhere in the protoplasm,  current  flow does 
not necessarily operate through a change of pH.  We may pass on to 
considering how else it might operate. 
Reversal by Other Agents.--There is one further treatment now known 
which can reverse the P.n. without invoking pH changes.  This con- 
sists of unbalanced NaC1 isotonic with sea water, a  The effect is not 
as reproducible and invariable as ammonia and current flow, but occurs 
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as an essential to reversal.  It seems reasonable to suppose that such 
NaCI  treatment  increases  the  permeability  of  the  protoplasm,  pre- 
sumably first at  its outer surface,  in  the well known manner  of un- 
balanced solutions.  With its selective ion permeability thus destroyed, 
the potential  existing across this surface  (whatever its origin)  would 
now be lost, leaving that at the inner or vacuolar surface to manifest 
itself for a time alone, until it too was reached by the unbalanced solu- 
tion.  The current flow might produce the same effects by producing a 
concentration gradient of Na (or K) ions across the surface. 
This picture involving the individual integrity of the two surfaces 
and  the  potentials  across them,  would largely  account  for  the  two 
potential  levels found so  consistently with  a  great  variety of treat- 
ments,  and  the essentially all-or-none  nature  of their  destruction  or 
restoration.  Each would be capable of small variations,  in response 
to  current  flow, ammonia,  pH change,  etc.,  but the large variations 
would be due to  the existence or non-existence  of the  surface itself. 
By assigning proper values to the individual potentials,  the algebraic 
sum would represent the normal P.D., while one alone would give the 
reversed P.D.  On this basis, that  of the outer surface could  be from 
150 to  160 mv. outwardly directed,  and  that of the vacuolar surface 
about 80 my.  inwardly directed. 3  That polarizations can  still  occur 
when the e.D. is reversed shows that one surface, presumably the inner, 
is still functional. 
In what manner,  chemical or physical, these layers are affected by 
the  various  treatments  (ammonia,  pH,  unbalanced  NaC1,  outward 
current) and how inward current can counteract the effect of ammonia 
must for the present be unanswered.  While the pH change still re- 
mains the most attractive hypothesis, there are many objections to its 
full acceptance.  It will be discussed again in a  subsequent paper in 
connection with Nitella. 
Note Added to  _Proof.--It has  recently  proved possible to  control 
markedly  both  the protoplasmic  potential  and the polarizability of 
II.  ovalis by  various  agents  influencing  metabolism,  notably  oxy- 
gen and light.  These render it still more probable that many of the 
bioelectric effects are  due to organic  ions  produced  in  metabolism. 
The effects will be described elsewhere. L.  X.  BLINKS  897 
SUMMARY 
The  effect of  direct  current,  of  controlled  direction  and  density, 
across the protoplasm of impaled cells of ttalicystis,  is described.  In- 
ward currents slightly increase the already positive P.D. (70 to 80 mv.) 
in  a  regular  polarization  curve,  which  depolarizes  equally smoothly 
when the current is stopped.  Outward currents of low density pro- 
duce similar curves in the opposite direction,  decreasing the positive 
P.D. by some 10 or 20 inv. with recovery on cessation of flow.  Above a 
critical  density  of outward  current,  however,  a  new  effect becomes 
superimposed; an abrupt reversal of the P.D. which now becomes 30 to 
60 mv. negative. 
The reversal curve has a characteristic shape: the original polariza- 
tion passes into a sigmoid reversal curve, with an abrupt  cusp usually 
following reversal,  and an irregular  negative value remaining  as long 
as  the  current  flows.  Further  increases  of  outward  current  each 
produce a small initial cusp, but do not greatly increase the negative 
P.D.  If  the  current  is  decreased,  there  occurs  a  threshold  current 
density at which the positive l,.D. is again recovered, although the out- 
ward current continues to flow.  This current density (giving positiv- 
ity)  is characteristically  less than  that  required  to produce reversal 
originally, giving the process a hysteretic character. 
The recovery is more rapid the smaller the current, and takes only a 
few seconds in the absence of current flow, its course being in a smooth 
curve, usually without an inflection, thus differing from the S-shaped 
reversal curve. 
The reversal produced by outward  current  flow is compared with 
that  produced  by  treatment  with  ammonia.  Many  formal  resem- 
blances suggest that the same mechanism may be involved.  Current 
flow was therefore studied in  conjunction with  ammonia  treatment. 
Ammonia concentrations below the threshold for reversal were found 
to lower the threshold for outward currents.  Subthreshold ammonia 
concentrations,  just  too  low  to  produce  reversal  alone,  produced 
permanent reversal when assisted by a short flow of very small outward 
currents, the P.D. remaining reversed when the current was stopped. 
Further increases of outward current, when the e.n. had been already 898  EFFECTS  OF  CURRENT  FLOW.  II 
reversed by ammonia,  produced only small further increases of nega- 
tivity.  This shows that the two treatments are of equivalent effect, 
and mutually assist in producing a  given effect, but are not additive 
in  the sense of being superimposable to produce a greater effect than 
either could produce by itself. 
Since ammonia increases the alkalinity of the sap, and presumably 
of the protoplasm, when it penetrates, it is possible that the reversal 
of P.D. by current flow is also due to  change of pH.  The evidence for 
increased alkalinity or acidity due to current flow across phase bounda- 
ries or membranes  is  discussed.  While  an  attractive  hypothesis,  it 
meets difficulties in H.  ovalis  where such pH changes are both theo- 
retically questionable and practically ineffective in reversing the F.D. 
It  seems best at the present  time to assign  the reversal of P.D. to 
the alteration  or destruction  of one surface layer of the protoplasm, 
with reduction or loss of its potential, leaving that at the other surface 
still intact  and manifesting its oppositely directed potential  more or 
less completely.  The location of these surfaces is only conjectural, but 
some evidence indicates  that  it  is the  outer surface which  is  so  al- 
tered,  and  reconstructed  on  recovery  of  positive  I~.D.  This  agrees 
with the essentially all-or-none character of the reversal.  The various 
treatments which cause reversal may act in quite different ways upon 
the surface. 